Pleckstrin homology (PH) domains are found in many signaling molecules and are thought to be involved in specific intermolecular interactions. Their binding to several proteins and to membranes containing 1-Caphosphatidylinositol 4,5-bisphosphate [PtdIns(4, 5) The importance of modular binding domains in regulating interactions between signaling modules, as well as their activity, is well established (1, 2). The pleckstrin homology (PH) domain is thought to represent such a module. It contains '120 aa and was identified.as a region of sequence homology with pleckstrin that appears in a large variety of proteins involved in intracellular signaling (3) (4) (5) (6) (7) (8) . Recent x-ray crystallography (9, 10) and NMR (11-14) studies have demonstrated that PH domains have a distinct characteristic structure. Their fold is best described as a seven-stranded ,-sandwich of two orthogonal 1-sheets, closed off at one corner by a C-terminal a-helix. The domain is electrostatically polarized, with the three most variable loops falling in the most positively charged surface (9).
The importance of modular binding domains in regulating interactions between signaling modules, as well as their activity, is well established (1, 2) . The pleckstrin homology (PH) domain is thought to represent such a module. It contains '120 aa and was identified.as a region of sequence homology with pleckstrin that appears in a large variety of proteins involved in intracellular signaling (3) (4) (5) (6) (7) (8) . Recent x-ray crystallography (9, 10) and NMR (11) (12) (13) (14) studies have demonstrated that PH domains have a distinct characteristic structure. Their fold is best described as a seven-stranded ,-sandwich of two orthogonal 1-sheets, closed off at one corner by a C-terminal a-helix. The domain is electrostatically polarized, with the three most variable loops falling in the most positively charged surface (9) .
Reported ligands for PH domains include 13y subunits (Gg,) of heterotrimeric G proteins (15, 16) , protein kinase C (17), WD motifs (18) , and phosphatidylinositol 4,5-bisphosphate [Ptdlns (4, 5) P2] (19) . However, to our knowledge, there has been no clear demonstration of specific high-affinity binding of any PH domain to any ligand, and there is no clear consensus as to the relevance of all of the interactions reported. A study by Pitcher et al. (20) , however, argues that activation of the 3-adrenergic receptor kinase requires simultaneous interaction of its PH domain with Ptdlns(4,5)P2 and of regions C-terminal to the PH domain with Gy.
Membrane localization is functionally important for all PH-domain-containing proteins. In addition to the report that some PH domains bind to Ptdlns(4,5)P2 (19) , it has been shown that a region of P3G spectrin containing a PH domain binds to specific sites in bovine brain membranes (21, 22) . It has also been shown that the N-terminal region of phospholipase C-81 (PLC-81), that contains a PH domain (6) , must be intact for high-affinity binding of the enzyme to lipid vesicles that contain its substrate, Ptdlns(4,5)P2 (23) . Proteolytic removal of 60 aa from the PLC-81 N terminus abolishes highaffinity Ptdlns(4,5)P2 binding, without destroying catalytic activity. It has therefore been suggested that the N terminus of PLC-81 contains a noncatalytic substrate binding site that absorbs the enzyme to PtdIns(4,5)P2-containing membranes (23) . This could permit PLC-81 to remain membraneassociated between catalytic cycles, allowing processive or "scooting" substrate hydrolysis (24) . D-myo-Inositol 1,4,5-trisphosphate [Ins(1,4,5)P3] also binds to PLC-81 and is an apparently noncompetitive inhibitor (25) . Ins(1,4,5)P3 inhibits the high-affinity binding of PLC-&1 to PtdIns(4,5)P2-containing vesicles (26) . Like Ptdlns(4,5)P2 binding, Ins(1,4,5)P3 binding is abolished upon removal of the Nterminal 60 aa from PLC-51, suggesting that both compounds may bind to the same site (26, 27) .
We report here that the isolated PH domain of PLC-81 interacts specifically, and with high affinity, with both Ptdlns(4,5)P2 and Ins(1,4,5)P3. The PH domain is, therefore, likely to represent the portion of PLC-&1 responsible for high-affinity binding to PtdIns(4,5)P2 and for the observed product inhibition by Ins(1,4,5)P3. These results are a demonstration of a stereo-specific high-affinity ligand for a PH domain and support a proposed role for PH domains in regulation of PLC isoforms.
MATERIALS AND METHODS
Generation of Recombinant PH Domains. Dynamin PH (DynPH) was produced in Escherichia coli as described (9) . Constructs expressing residues 11-140 of rat PLC-81 (28) (PLCS-PH) and residues 1-105 of pleckstrin (29) (PlecN-PH) were produced and purified as described (9, 30 
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. (10.8 ,uM) in the calorimeter cell (1.39 ml) at 25°C. The curve through the points is the best nonlinear least squares fit (31) to these data. The Kd value for this titration was 0.34 AM, the stoichiometry was 0.85:1, and the AH was -20.9 kcal/mol (see Table 1 ). appearance of a trough at the elution position of free PH domain indicated vesicle binding. The area of this trough was measured in a series of experiments using different PH domain concentrations in the load and the Kd was estimated as described (32) .
RESULTS AND DISCUSSION
To study their binding to inositol phosphates and inositol phospholipids, PLCS-PH, DynPH, and PlecN-PH, were expressed in E. coli as described (9, 30) . Crystallographic and NMR studies have shown that the structures of DynPH (9, 10, 13, 14), PlecN-PH (12) , and the PH domain from spectrin (11) have very similar (3-sandwich structures. These structures guided the choice of PLCS-PH boundaries. CD analysis of purified PLCS-PH, DynPH, and PlecN-PH showed that their secondary structure contents are similar (data not shown). An alignment of PLC8-PH with the three PH domains of known structure is presented in Fig. 1 .
Ins(1,4,5)P3 is known to bind specifically to PLC-61 (26, 27) , resulting in inhibition of the enzyme in vitro (25) . Binding is abolished upon removal of the N-terminal 60 aa of PLC-61 (26, 27) . We therefore studied the ability of the isolated PH domain from the PLC-81 N terminus to bind Ins(1,4,5)P3. Fig. 2A shows Binding is entirely enthalpy-driven at 25°C.
To study the degree of specificity for this interaction, relative dissociation constants were determined for binding of several inositol phosphates to PLCS-PH by using a spin-column competition assay (Fig. 3 and (25) (26) (27) .
Phosphate groups at both the 4 Table 2 .
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ITC studies of inositol polyphosphate binding to PlecN-PH and DynPH (data not shown) indicated a weak interaction (Kd > 100 ,uM), which was also detected with inositol hexasulfate. It appears that many PH domains show some affinity for inositol phosphates/phospholipids or similar molecules (ref. 19 (Table 1) for D-myo-Ins(1,4,5)P3 binding to PLC6-PH. Values forwhich a precise number is given represent the mean of at least two experiments. Others represent lower limits for Kd, defined by the maximum molar excess employed.
while control vesicles did not compete significantly. ITC confirmed that PLC&PH binds to Ptdlns(4,5)P2 in an enthalpydriven reaction at 25°C (Table 1 and Fig. 4B ). By assuming that 57% of the Ptdlns(4,5)P2 in the lipid vesicles is present on their surface and is available for interaction with PLC&-PH, the stoichiometry of this interaction is 1:1 and Kd is 1.7 ,M. Binding of Ptdlns(4,5)P2 in vesicles to isolated PLC&PH is, therefore, mutually exclusive with Ins(1,4,5)P3 binding, as has been reported for whole PLC-81 (26, 27) . In addition, the specificity observed for inositol phosphate binding to PLC8-PH is virtually identical to that reported for whole PLC-81 (25, 26) . Thus the PH domain reproduces extremely closely the binding characteristics of the whole enzyme, suggesting that it is a functional module. A synthetic peptide corresponding to residues 30-43 from PLC-81 has been reported to bind Ins(1,4,5)P3 (33) . This peptide corresponds to the putative first loop of the PH domain. In contrast with our observations for PLC&PH, binding of this peptide to Ins(1,4,5)P3 did not reproduce the binding specificity of whole PLC-&1 (25) (26) (27) 33) . It therefore appears that the intact PH domain is required for the binding characteristics of PLC-81.
We were unable to detect binding of PLC8-PH, PlecN-PH, or DynPH to vesicles containing Ptdlns(4,5)P2 by using the centrifugation assay of Harlan et al. (19) . However, PLC8-PH binding to PtdIns(4,5)P2-containing vesicles was apparent with the equilibrium gel-filtration method of Hummel and Dreyer (32) , although a precise Kd value was difficult to measure as a result of interactions between lipid vesicles and the column. PlecN-PH also bound to Ptdlns(4,5)P2-containing vesicles in this assay, but with a 10-to 15-fold lower affinity than was observed for PLC6-PH. By using the Kd for PLCS-PH binding to Ptdlns(4,5)P2 determined by ITC (1.7 ,uM), the Kd for PlecN-PH binding to Ptdlns(4,5)P2 was estimated to be [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] AM, consistent with previous reports (19 kcal/mol (see Table 1 ).
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PtdIns (4, 5) P2 at the membrane surface and may allow the enzyme to hydrolyze its substrate processively, without dissociating from the bilayer between catalytic cycles (23) (24) (25) (26) (27) . Such a mode of processive substrate hydrolysis is well documented for secretory phospholipase A2 (24) . Binding of Ins(1,4,5)P3 could remove the anchor in the case of PLC-81 and reduce catalytic efficiency, resulting in the apparent product inhibition (25) (26) (27) . The PH domain of PLC-y may play a similar role (34) , although this has yet to be established.
All PH-domain-containing proteins have a functional requirement for membrane association. A general role for PH domains may, therefore, be in specific membrane association, which might be inhibited by some soluble compound(s), as seen here with Ins(1,4,5)P3. Such binding, perhaps regulated, could be important in membrane recruitment of signaling molecules, such as guanine nucleotide exchange factors. All known PH domain structures are electrostatically polarized, with the three variable loops (Fig. 1 ) presenting a face with positive electrostatic. potential (9, 11, 12) that is likely to include the ligand binding site (9) . By analogy with secretory phospholipase A2 molecules (35) , the positively charged face of PH domains is likely to be oriented toward the negatively charged membrane surface in a manner appropriate for recognition of the specific lipid molecule. This binding may be inhibited by isolated head group of the lipid. Such interactions may be important for regulated membrane association of PH-domain-containing proteins. Given the diversity of the 70 proposed PH domains, it will be interesting to determine whether others will bind tightly to head group and lipid products of Ptdlns metabolism or of other membrane components.
